A one-eighth spherical surface dielectric resonator antenna (OESS-DRA) is proposed first time. To analyze this thin shell structure, electromagnetic fields distribution is discussed by using the Hertz vector and boundary conditions. We simplify the solution of Maxwell equations by using Hertz vector because the polarization current is primary in the OESS-DRA. The Hertz vector can be expressed the current better. This proposed antenna is composed of one-eighth spherical dielectric shell fed by coaxial probe; and the ground with metal-corner-reflector makes the antenna with high gain and directional radiation properties. To verify this design, a fabricated sample is tested; results show the antenna covering bandwidth 4.56-6.88GHz, a high gain greater than 9.5dBi (peak gain 11.8dBi at 5.0GHz), and a high radiation efficiency over 85% in the entire working frequency band, as well. The OESS-DRA can be a good candidate in 5 th generation communication applications.
I. INTRODUCTION
The hemispherical shaped dielectric resonator is one of the most basic geometries which can be used to design dielectric resonator antenna (DRA). The first paper on hemispherical DRA was reported in 1984 [1] . After that, a systematic study on hemispherical DRA including feed method, input impedance, working modes and so on have been made [2] - [8] . Other researches also have done many meaningful works on this topic [9] - [18] . In these investigations, there are two basic resonating modes namely TE 111 and TM 101 in hemispherical DRA. The radiation under TE 111 mode is similar to horizontal magnetic dipole along broadside. The radiation under TM 101 mode is similar to vertical electric monopole, and has omnidirectional symmetric radiation pattern. A variant of hemispherical DRA is proposed in [19] , where the hemispherical dielectric resonator is bisected symmetrically and the two elements are used to The associate editor coordinating the review of this manuscript and approving it for publication was Davide Comite . design DRA. Its geometry is asymmetry resulted in asymmetry in the antenna radiation patterns. In order to alleviate this shortcoming, the authors further bisected the hemispherical dielectric resonator and named them as quarter-hemispherical dielectric resonator. Four elements are symmetrically placed on the ground plane around the z-axis, and coaxial probe is placed on the z-axis. Finally, symmetrical radiation patterns are obtained [20] . Another variation is aperture coupling fed spherical cap DRA [21] , the spherical cap DRA is excited to working at the fundamental mode, and this new design offers a wider bandwidth than the common hemispherical DRA. However, the reported works are about spherical dielectric resonator, and studies using spherical shell as antenna bodies have not been reported. Because the spherical shell uses less dielectric material, it is beneficial to reduce the cost of the antenna. Furthermore, the spherical shell is easy to conformal design, which is beneficial to maintain the aesthetics. To file this void, a one eighth spherical surface (OESS) DRA is proposed in this paper. The antenna structure is simple and easy to be fabricated. Its bandwidth is wide by exciting the fundamental and higher order modes. The designed antenna is directional radiation and with high gain by using a metal corner reflector. The experiment results show the proposed antenna with good properties. It can be a good candidate in 5G communication.
The rest of this paper is organized as follows. The geometry of the OESS-DRA and its fed structure analysis are shown in section II. The electromagnetic fields distribution and operating principle are analyzed in section III. Section IV provides a general design method of the proposed antenna. The discussion of experiment is given in section V. Finally, a conclusion is drawn in section VI.
II. GEOMETRY OF THE OESS-DRA
The geometry of half spherical surface dielectric resonator is shown in Figure 1 (a). If it is fed by a coaxial probe, its radiation pattern is similar to monopole antenna as shown in Figure 2 (a). When symmetrically bisect the half spherical surface dielectric resonator, we have the geometry of quarter spherical surface dielectric resonator as shown in Figure 1 (b). If it is fed by a coaxial probe and adds rectangular reflector in its open side, its radiation pattern is directional as shown in Figure 2 (b), but its gain is not good enough. The geometry of one eighth spherical surface dielectric resonator (OESS-DR) can be gained by symmetrically bisecting the half spherical surface dielectric resonator twice as shown in Figure 1 (c). If it is fed by a coaxial probe, and open side adds rectangular corner reflector, its radiation pattern is directional as shown in Figure 2 (c). It is clear that the OESS-DRA has the smallest size, the maximum directional radiation pattern, and maximum gain from Figure 2 In order to excite the OESS-DR effectively, we have tried three methods. When the antenna is fed by aperture-coupling, the radiation characteristics of the designed antennas are similar to those of the cavity-backed antennas, and the maximum direction of radiation lies on the opposite side of the dielectric resonator. When the antenna is fed by a conformal microstrip, the designed antenna does not work properly in our simulations. When the antenna is fed by a coaxial probe, the proposed antenna can work well and the maximum direction of radiation lies in the first quadrant. The geometry of the designed antenna is shown in Figure 3 . It has a rectangular ground plane, a rectangular right angle metal reflector, an OESS-DR, and a coaxial probe feeder. Note: the minimum size of the rectangular right angle metal reflector must greater than or equal to the external radius of the dielectric resonator. The reflector can also be a spherical reflector, while the radius of the spherical reflector must equal to the external radius of the OESS-DR.
III. ANALYSIS OF OESS-DRA WORKING MODE
Assuming that the excitation source of the DRA is a current source, it is reasonable to simplify the current source to a single polarization current because the main part of the DRA is dielectric material where the polarization current is dominant. Therefore, it is convenient to use Hertz vector (Π) to solve electric field (E) and magnetic field (H ) in the Maxwell equations. Since we assume that the antenna is only excited by a polarized current source, we just need to solve the electric Hertz vector ( Π e ), after that the electric field and the magnetic field can be solved by the electric Hertz vector.
In practical problems, when the curl of current source density is zero, it can be equivalent to the form of polarized current. If the density of the current source is expressed by J and the polarization current intensity is expressed by P, reference [22] , the relationship between J and P can be expressed as
J can be expressed by the gradient of any scalar due to its curl is zero in the assumption. If the scalar is expressed by ψ, then we have
From (1) and (2) we have ∂P ∂t = ∇ψ.
(3) Because the scalar ψ can be chosen arbitrarily, we can always find a ψ satisfy formula (3), and then the hypothesis of proof (1) is reasonable. The inhomogeneous wave equation satisfied by the electric Hertz vector is [23] 
An OESS-DR is placed in the rectangular coordinate system as shown in Figure 4 . Among them, r is the distance from the origin to a point in space, θ is the elevation angle, and φ is the azimuth angle; r'is the distance from the origin to a point on one-eighth spherical surface, and the direction is determined by θ and φ ; and R is the distance vector from the source to the field point on the spherical surface.
It is assumed that time-harmonic polarization currents with constant amplitude and radial direction are distributed on the linear, uniform and non-dispersive OESS-DR. Because the thickness of the OESS-DR is very thin, the phase of radial polarization currents is almost unchanged. If the radius of the OESS-DR is a, the polarization current can be expressed as
where e r is the unit vector in the radial direction of the OESS-DR; c is the speed of light in free space; I 0 is the amplitude of current.
In the spherical coordinates, a surface element can be represented as [22] ds = e r r 2 sin θ dθ dϕ + e θ r sin θ dr dϕ + e ϕ r dr dθ.
Due to the polarization current exists only when the condition r = a is satisfied, then (6) can be simplified as follows ds = e r r 2 sin θ dθ dϕ.
The Hertz vector corresponding to arbitrary current distribution and can be expressed as [23] , we have
where ρ is the unit vector in the direction of R, r is a unit vector in the direction of I(s).
The expression of electric Hertz vector can be obtained by substituting (5) and (7) into (8), we have
The relationship between rectangular coordinate system and spherical coordinate system is as follows:
Electric Hertz vector in Cartesian coordinates is obtained by using (9) and (10), we have
And electric and magnetic fields are as follows:
Then the electromagnetic field components can be obtained by substituting (11)-(13) into (14) and (15) . Obviously, both E and H have components in the x-, y-, and z-axis of the Cartesian coordinate system. Therefore, the OESS-DRA is working under HEM modes. In order to verify the result of theoretical analysis, the simulated distributions of the electric and magnetic fields are shown in Figure 5 . It is clear that both the electric and magnetic fields have components in x-, y-, and z-axis of the Cartesian coordinate system. As a result, the OESS-DRA is working under HEM mode, and the result of the theoretical analysis is verified.
IV. DESIGN METHOD AND SIMULATIONS
When the OESS-DRA with the geometry as explained in section II, the first step of antenna design is to calculate the sizes correspond to the parameters as shown in Figure 3 . i. The length of coaxial probe can be calculated like monopole antenna. So the probe length is about a quarterwavelength:
where l is the length of the coaxial probe, f is the center frequency.
ii. The external diameter (r 2 ) of the OESS-DR is a little less than a wavelength which is concluded by lots of simulations when the antennas operating at different frequencies.
iii. The internal diameter (r 1 ) is 1-3 mm smaller than the external diameter (r 2 ), due to the OESS-DR is a flake structure. iv. The distance between the edge of the ground plane and the one eighth spherical surface or metal reflector is no less than one quarter-wavelength.
In this paper an OESS-DRA is designed to working at 5.0GHz due to 4.8-5.0GHz frequency band is used for 5G in China. As a result, l is about 15mm, r 2 is about 50mm, r 1 is about 48mm, and the radius of the ground plane (if the ground plane is circle) is about 65mm. Then a simulation model is established in high frequency structure simulator (HFSS). And we use the parameter sweeping function of the HFSS (version 18.0) to find the final sizes of the designed antenna as tabulated in table I, all the geometry sizes are in mm.
After that, the studies on how the sizes of OESS-DRA change affect its performance are shown in the context. The simulation results of S 11 when the length of coaxial probe or its position changes are shown in Figure 6 . The three blue lines correspond to the change of coaxial probe length. It is clear that the low working frequency point decreases when l increases, but the high working frequency point nearly keep constant. The variation trend of S 11 caused by the change of probe length of the OESS-DRA is similar to that of S 11 caused by the change of monopole length of monopole antenna. Whereas, l is shorter than a quarter-wavelength because the monopole is working in free space but the coaxial probe is working in the space where high permittivity material is inserted. In addition, when l increases the high working frequency point keep constant but the input impedance is better, because more energy is fed to the OESS-DRA. The three black lines correspond to the change of x 1 . When x 1 increases means the coaxial probe is closer to the dielectric resonator, so they are more tightly coupled. This phenomenon leads to the low working frequency points moves up but the high working frequency points moves down.
The simulated results of S 11 when the radius of the one eighth spherical surface dielectric resonator is changed but other parameters remain keep constant are shown in Figure 7 . The three blue lines correspond to the external radius, and the three black lines correspond to internal radius. Obviously, both the change of external radius and internal radius can affect the working frequency points of OESS-DRA slightly, and the trend is opposite. Therefore, we can adjust the working frequency points of the OESS-DRA by change r 1 or r 2 .
The simulation results of input impedance when the length of coaxial probe or its position changes are shown in Figure 8 . When l is increased the real part of the input impedance is increased, but its imaginary part keeps constant, due to resistance is sensitive to the change of wire length, while reactance is not. When the position of the coaxial probe is changed, both the resistance and reactance change greatly. And when the coaxial probe gets close to the dielectric resonator, the resistance decrease and the reactance increase. That is a better impedance matching can be achieved by choosing a larger x 1 . The simulation results of input impedance when the external radius or internal radius changes are shown in Figure 9 . It is clear that the input impedance is not sensitive to the variation of the dielectric resonator radius. Furthermore, the input impedance is about 50 at 5.0GHz.
The simulated 3-D radiation pattern of the proposed antenna at 5.0GHz is shown in Figure 2(c) . Obviously, it radiates energy primarily from the first quadrant into free space. The point of maximum radiation is at phi = 45 • and theta = 62 • , and the maximum gain is 11.8dBi.
V. EXPERIMENTS
A prototype is fabricated using the sizes which are listed in the table I, and the prototype is shown in Figure 10(a) . The OESS-DR is fabricated by 3D printing. The grounding part of the coaxial probe and the rectangular metal right angle reflector are welded on the circular copper plate. The OESS-DR is fixed to the ground plane by using foam glue with a permittivity about 1. The white substance in Figure 10(b) is the foam glue which is used to fix the OESS-DR. The measurements are performed by using the Agilent PNA-X network analyzer (N5244A) and the anechoic chamber developed by the 41st Research Institute of Chinese Academy of Sciences. And Figure 10 (c) is the photo taken when the fabricated prototype is tested. The measured and simulated S 11 of it are shown in Figure 11 . The simulation result shows that the antenna covers 4.38-6.94GHz, impedance bandwidth is 45.2%, while the measurement result shows that the antenna covers 4.56-6.88GHz, impedance bandwidth is 40.6%. And the simulated and measured results agree well with each other. The measured and simulated gains and radiation efficiency (Re) of the designed antenna are shown in Figure 12 . The gain increases with the working frequency increases, and the variation range of the gain is less than 2dBi in the entire working frequency band, the minimum gain still greater than 9.5dBi. What's more, the radiation efficiency (is calculated from the measured gain and directivity) of the antenna is greater than 85% in the entire working frequency band. The measured and simulated cross-and co-polarization radiation Figure 13 (a) and (b), respectively. Radiation patterns agree well with each other, especially in the maximum radiation direction. The peak gain of the antenna is 11.8dBi. The copolarization is greater than cross-polarization about 55dB in the maximum radiation direction. The OESS-DRA has good polarization purity and directional radiation properties. In addition, the radiation pattern when theta keeping constant has good symmetry. Whereas, there are some deviations between measurement and simulation results (from Figure 11 to Figure 13 ). Generally the measurement error will be introduced when the antenna is fixed on a smaller measuring platform. Moreover, the cable connecting the measuring instrument to device under test, unsatisfactory test environment, and fabrication tolerance also introduce errors. But the errors are within the acceptable range in this design. In a ward, the experiments show that the proposed antenna has a good radiation performance. The proposed antenna can be used in 5G due to its directional radiation, high gain, high radiation efficiency, and high polarization purity. The radiation patterns of OESS-DRA both in simulation and experiment seem to be tilt, due to the fact that the OESS-DR is placed in the first quadrant in order to simplify the electromagnetic field analysis. In fact, the OESS-DRA can be rotated freely in free space, so the maximum radiation direction can be adjusted to the desired direction as required. For example, if the model is rotated 62 • on the x-axis and −45 • on the y-axis, the 3D radiation pattern will be symmetrical about the z-axis, and the maximum radiation direction is on the z-axis as shown in Figure 14 . The 3D radiation pattern shows that the antenna has good directional radiation characteristics and symmetrical radiation pattern.
In order to make a more intuitive comparison between the designed OESS-DRA and the antennas in the references, their important indexes are tabulated in Table II . It is clear that the OESS-DRA has the widest relative bandwidth and high peak gain. This indicates that the designed antenna has obtained better radiation characteristics.
VI. CONCLUSION
A directional radiation OESS-DRA is proposed, and a general design method is summarized. Its structure is simple, and is easy to be fabricated. An OESS-DRA covers 5.0GHz is designed. Its prototype is fabricated by using 3D printing and is tested by using vector network analyzer and anechoic chamber. The measurement results show that the designed antenna has a relative impedance bandwidth about 40.6% and a peak gain over 11.8dBi. What's more, its radiation efficiency is over 85% in the entire operating frequency band. In addition, the radiation pattern has good symmetry. As a result, the antenna has good radiation characteristics, and can be a good candidate in 5G application or fixed satellite communications system.
